1 Palindromic Repeats; CRISPR-associated) adaptive immune systems to protect 2 themselves against their viruses (phages) 1 . To overcome resistance, phages have evolved 3 anti-CRISPR proteins (Acr), which naturally vary in their potency to suppress the host 4 immune system and avoid phage extinction 2,3,4,5 . However, these Acr-phages need to 5 cooperate in order to overcome CRISPR-based resistance 4,5 : while many initial 6 infections by Acr-phages are unsuccessful, they nonetheless lead to the production of 7 Acr proteins, which generate immunosuppressed cells that can be successfully exploited 8 by other Acr-phages in the population 4,5 . Here we test the prediction that phages 9 lacking acr genes (Acr-negative phages) may exploit this cooperative behaviour 6 . We 10 demonstrate that Acr-negative phages can indeed benefit from the presence of Acr-11 positive phages during pairwise competitions, but the extent of this exploitation depends 12 on the potency of the Acr protein. Specifically, "strong" Acr proteins are more 13 exploitable and benefit both phage types, whereas "weak" Acr proteins predominantly 14 benefit Acr-positive phages only and therefore provide a greater fitness advantage 15 during competition with Acr-negative phages. This work further helps to explain what 16 defines the strength of an Acr protein, how selection acts on different Acr types in a 17 phage community context, and how this can shape the dynamics of phage populations in 18 natural communities. 19 20
methods for a full description of the model). This model assumes that bacteria are initially 23 sensitive (W) but can evolve CRISPR-based resistance upon lytic phage infection (Fig. 1A) . 24 Infection of a CRISPR-resistant bacterium (R) by a lytic phage encoding an Acr protein 25 3 (hereafter referred to as "Acr-positive phage") can lead either to cell lysis (V) with 1 probability φ, or result in a failed infection that leaves the host in an immunosuppressed state 2 (S), which reverts back to the resistant state at rate γ. Hence, φ and γ -1 (the average duration 3 of immunosuppressed state) are both measures of the "strength" of the Acr, but with distinct 4 social implications for other phages in the population: φ is best described as a selfish trait (i.e. 5 the greater φ, the higher the probability that the initial phage will lyse the host and replicate), 6 whereas γ -1 could be viewed as an altruistic trait (i.e. the greater γ -1 , the greater the 7 opportunity for other phages to exploit immunosuppressed cells, but with no direct benefit to 8 the initial Acr-phage that caused the failed infection). 9 As expected, this model predicts that infection of initially sensitive bacteria with lytic 10 Acr-negative phages leads to rapid phage extinction due to the evolution of CRISPR-based 11 resistance, whereas lytic Acr-positive phages avoid extinction regardless of the strength of 12 their Acr (Fig. S1A-G) . However, when sensitive bacteria are infected with an equal mix of 13 the Acr-positive and Acr-negative phages, both phages avoid extinction (Fig. 1B ). 14 Interestingly, in this context, phages encoding stronger Acr proteins do not necessarily have a 15 greater fitness advantage: the fitness of Acr-positive phages increases if stronger Acr proteins 16 are more effective in directly lysing CRISPR-resistant hosts (i.e. when increased strength of 17 Acr proteins is driven by higher values of φ) (Fig. 1C , S1H-J and S2), but decreases if 18 stronger Acr proteins are more effective in maintaining CRISPR-resistant cells in an 19 immunosuppressed state (i.e. when increased strength of Acr proteins is driven by higher 20 values of γ -1 ) (Fig. 1D , S1K-M and S2). These opposing impacts of φ and γ -1 on phage 21 relative fitness during pairwise competition can therefore help to elucidate whether the 22 variations in Acr strengths originate from differences in their selfish ability to directly by-23 pass CRISPR-Cas immune systems, or from differences in their potential for altruistic 24 cooperation. 25 4 To test these theoretical predictions, we set up an experimental system of mixed 1 infections with Acr-positive and Acr-negative phages. To this end, we used Pseudomonas 2 aeruginosa wildtype (WT) strain PA14 and the non-lysogenic phage DMS3vir which 3 encodes an Acr protein (AcrIE3) that does not block the type I-F CRISPR-Cas system carried 4 by the host (hereafter referred to as the Acr-negative phage). The WT strain naturally 5 possesses spacers with only a partial match to the DMS3vir genome, and hence is initially 6 phage-sensitive but primed to acquire targeting spacers, which leads to the rapid evolution of 7 CRISPR-resistance 3,7,8 . As Acr-positive phages, we used isogenic versions of DMS3vir 8 (namely DMS3vir-acrIF1 and DMS3vir-acrIF4, described in Ref. 5), which encode Acr 9 proteins specifically blocking the type I-F CRISPR-Cas system, instead of the native AcrIE3-10 coding sequence. Of these two phages, DMS3vir-acrIF1 has a greater ability to amplify on 11 pre-immunized bacteria (i.e. AcrIF1 is a "strong" Acr, and AcrIF4 is a "weak" Acr), a 12 difference that can in principle be explained either by higher γ -1 or higher φ (see ref. 5). 13 In accordance with our model predictions ( Fig. S1B -G), both types of Acr-positive 14 phages have similar population dynamics upon infection of initially sensitive WT bacteria 15 ( Fig. S3A) . We verified the model assumption that WT bacteria could evolve CRISPR-based 16 resistance against Acr-positive phages by performing deep sequencing analysis of host 17 CRISPR loci at 3 days post infection (dpi). We found that spacers were indeed acquired 18 following infection with DMS3vir-acrIF4 or DMS3vir-acrIF1, at lower frequencies (Fig. 19 S3B) but with similar patterns (i.e. number and location of acquired spacers) to those 20 observed during evolution of CRISPR-resistance against Acr-negative phages ( Fig. S3C-D) . 21 While this capacity to evolve CRISPR-resistance normally provides significant fitness 22 benefits to bacteria when exposed to Acr-negative phages, it was no longer the case in the 23 presence of Acr-positive phages, as measured in a 3-day competition experiment between the 24 5 WT strain and an isogenic host lacking a functional CRISPR-Cas system (hereafter referred 1 to as 'CRISPR-KO') ( Fig. S2E ).
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Having confirmed that the phages behave consistently with our model predictions 3 ( Fig. S1A-G) , we then used this empirical system to study the impact of strong versus weak 4 Acr proteins during competition between Acr-positive and Acr-negative phages. We first 5 verified that Acr-negative and Acr-positive phages performed equally well on the CRISPR-6 KO host, to ensure that any effect we may observe during competition solely depends on the 7 strength of the Acr and not on any potential fitness cost inherent to a specific acr gene (Fig. 8 2A). Next, we co-infected the WT strain with a 50:50 mix of the Acr-negative and one or the 9 other Acr-positive phage. After a 3-day competition (to allow time for evolution of CRISPR-10 resistance), we found that phages encoding the strong AcrIF1 had only a relatively small 11 fitness advantage over Acr-negative phages (Fig. 2B , mean relative fitness w=2.0) whereas 12 phages encoding the weak AcrIF4 more markedly outcompeted Acr-negative phages (Fig. 13 2B, w=9.8). This effect is consistent with the predictions associated with a high value of γ -1 14 in the model (Fig. 1D ), which also predicts that the bacterial sub-population evolving 15 CRISPR-resistance upon a mixed infection with Acr-positive and Acr-negative phages would 16 be depleted more rapidly if the Acr is strong ( Fig. S1K -M, black lines). Consistent with this 17 prediction, we found that the proportion of bacteria with evolved CRISPR-resistance at 3 dpi 18 was lowest when exposed to a mix of Acr-negative and strong AcrIF1-phages ( Fig. 2C ). To 19 further validate the model prediction, we competed CRISPR-resistant bacteria (carrying 1 20 targeting spacer, hereafter referred to as 'BIM-1sp.') against surface-resistant bacteria in the 21 presence of one or the other type of Acr-positive phages. Surface-resistant bacteria have 22 evolved phage resistance through the loss of phage receptor 7 , which provides a protection 23 equally effective against Acr-negative and Acr-positive phages. This experiment confirmed 24 6 that the selection against CRISPR-resistant bacteria was indeed stronger in the presence of 1 strong Acr-phages compared to weak Acr-phages ( Fig. 2D ). 2 Apart from this ecological effect of CRISPR-resistant host depletion, the smaller 3 fitness advantage of strong AcrIF1-phages over Acr-negative phage also suggests that AcrIF1 4 causes a greater accumulation of immunosuppressed cells than AcrIF4, which can be 5 exploited by Acr-negative phages ( Fig. S1K -M and FigS2D-F, orange lines). To test this 6 hypothesis, we competed Acr-positive and Acr-negative phages on pre-immunized BIM-1sp. 7 strain with an initial 50:50 ratio and a multiplicity of infection (MOI) sufficiently high (~50) 8 to enable Acr-positive phages to amplify on the CRISPR-resistant host. As expected, Acr-9 positive phages had a much higher fitness than Acr-negative phages, but this fitness 10 advantage was approximately 10-fold greater for phages encoding the weak AcrIF4 (Fig. 3A , 11 also see Fig. S2H ). While densities of Acr-negative phages normally decreased by ~10 4 -fold 12 at 1 dpi when grown individually on the BIM-1sp. strain, their densities decreased by only 13 ~5-fold in the presence of the weak AcrIF4-phages and even increased by 3-fold in the 14 presence of the strong AcrIF1-phage ( Fig. 3B ), hence providing direct evidence that 15 DMS3vir-acrIF1 generates higher amounts of immunosuppressed bacteria that can be 16 exploited by Acr-negative phages. This 'AcrIF1-assisted exploitation' of CRISPR-resistant 17 hosts by Acr-negative phages was no longer observed when the probability that 18 immunosuppressed cells get re-infected before reverting to their resistant state was too low 19 (i.e. at low MOI), further supporting the idea that Acr-negative phages take advantage of the 20 mechanism of cooperative infections used by Acr-positive phages (Fig. 3C ). 21 Altogether, these results revealed that phages with acr genes can benefit co-existing 22 Acr-negative phages. Naturally, the population dynamics during mixed infections of Acr-23 positive and Acr-negative phages will inevitably depend on the level of cross-reactivity of the 24 CRISPR-Cas immune system against the competing phages. A recent study analysing the 25 7 CRISPR arrays from >700 P. aeruginosa genomes has shown that a given spacer usually 1 provides such cross-reactivity as it typically matches several viruses (e.g. 2.75 viruses on 2 average), which generally are genetically similar and co-occur in the same ecological niche 3 (hence are likely to compete for the same hosts), but some spacers have been found to 4 provide cross-reactive immunity against distantly related viruses 9 . The model and data 5 presented here also show that during competition with Acr-negative phages, the strength of 6 the Acr protein is a key determinant of the fitness benefits it provides. Notably, the greater 7 benefits provided by phages encoding strong Acr proteins result from two effects. First, they 8 deplete the pool of CRISPR-resistant hosts more rapidly than weak Acr-phages, as a result of 9 their "selfish" interest to replicate on CRISPR-resistant hosts, which is somewhat analogous 10 to the way antibiotic resistant bacteria can support growth of sensitive species by detoxifying 11 the environment 10-12 . Second, the strong AcrIF1 induces longer periods of 12 immunosuppression than the weak AcrIF4, which is consistent with data showing that AcrIF1 13 binds the Csy surveillance complex with higher affinity and slower off-rates than AcrIF4 4 . 14 This "altruistic" production of immunosuppressed cells can be viewed as a "public good" that 15 can be exploited by Acr-negative phages, similarly to iron scavenging molecules, 16 communication signals and virulence factors, which are produced by few individuals but can 17 benefit the whole population [13] [14] [15] . However, the evolutionary stability of such altruistic 18 cooperation can be undermined by the invasion of cheats that do not contribute to public 19 good production but still share the benefits 16 . Cooperation can be stabilized if the producers 20 gain a greater proportion of the benefits (e.g. when diffusion of public goods is limited 17,18 ), 21 or if mutation of the cooperative gene carries large pleiotropic costs 19 . This latter mechanism 22 could drive the evolution of Acr-cooperation if the abilities to directly lyse CRISPR-resistant 23 hosts and to induce lasting immunosuppression are linked and therefore cannot evolve 24 independently 20 . Alternatively, if these traits are independent, the observed cooperative 25 8 behaviour is more likely driven by kin selection 16 , which is favoured by the spatially 1 structured nature, and resulting high relatedness, of many bacterial and phage 2 populations 21, 22 . Future tests of these ideas are needed to fully understand how pleiotropy and 3 kin selection drive the evolution of acr genes with different strengths and the observed 4 variation in their cooperative traits, which has key implications for the ability of Acr-negative 5 phages to amplify in the face of bacteria with CRISPR-Cas immune systems. Bacteria may either be sensitive (the density of these bacteria is denoted ), or may have 7 evolved CRISPR-resistance after the incorporation of a spacer targeting the phage (the 8 density of these bacteria is noted ), or may be in an immunosuppressed state (the density 9 of these bacteria is noted ).
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Initially the host population is homogeneous, consisting exclusively of sensitive bacteria 11 (except for the data presented in Fig. S2 , where all bacteria are initially already CRISPR When an Acr-negative phage particle adsorbs to a CRISPR-resistant bacterium, its genome is 1 destroyed. When an Acr-positive phage adsorbs to a CRISPR-resistant bacterium, three 2 outcomes are possible, as described in our previous model 5 : 3 (i) with probability , the Acr-positive phage genome is destroyed prior to expression of 4 the acr gene with no change in bacterial resistance (i.e. no immunosuppression). Hence, 5 is a measure of bacterial resistance and increases with the number of spacers targeting the 6 phage. We assume ρ is governed by the host and independent of the Acr. 7 (ii) with probability 1 − , the Acr-positive phage lyses the cell, with the release of 8 new Acr-positive phage particles. Hence, the greater , the greater is the ability of the 9 Acr-positive phage to bypass the CRISPR-Cas immune system.
(iii) with probability 1 − 1 − , the Acr-positive phage fails to complete its lytic 11 cycle but produces some Acr proteins before its genome is cleaved, which blocks bacterial 12 CRISPR-resistance causing the bacterium to become immunosuppressed. This state is 13 reversible and immunosuppressed bacterium become resistant again at rate . Hence, the 14 smaller , the longer the bacterium remain in the immunosuppressed state. 15 If an immunosuppressed bacterium is infected by a phage, the absence of resistance allows 16 the phage to complete its lytic cycle, even if it does not encode an Acr. This yields the 17 following set of ordinary differential equations (see Fig.1A ):
We used the above model to monitor the infection dynamics following infection with 1 an equal mix of Acr-positive phages ( ! ) and Acr-negative phages ( ! ) that cannot infect 2 resistant bacteria, with different parameter values and for the intensity of Acr. All the 3 parameter values are given in the legends of Figs. 1, S1 and S2. Mixed-cultures were transferred daily (1:100 dilution) into fresh medium. At 0, 1 and 3 days 20 after the start of the competition experiment, samples were taken and cells were serially 21 diluted in M9 medium and plated on LB agar supplemented with 50 mg.mL -1 X-gal (to allow 22 discrimination between WT or BIM-1sp. (white) and CRISPR-KO-derived (blue) strains).
23
Phage concentrations were also monitored at 0, 1 and 3 days with spot assays. Relative 24 16 frequencies of competing strains were determined through colony numbers and used to 1 calculate the relative fitness. Reads shorter than 20 bp after trimming were removed. Reads were merged with Flash 21 version 1.2.11 28 and a further 5 bases were trimmed from the 5' end of each read, following 'F4 x Acr-neg': (F4) p=0.0044, t 5 =4.9 (Acr-Neg) p<0.0001 , t 5 =27.1; 'Individual infections':
11
(F1) p=0.008, t 5 =4.2 (F4) p=0.008, t 5 =4.3 (Acr-Neg) p<000.1, t 5 =1. Protospacer distributions. Newly acquired spacers were extracted from read sequences and 7 corresponding protospacers were mapped back to phage genomes, on positive and negative 8 strands. (E) Relative fitness of WT PA14 and CRISPR-KO strains at 3 dpi in the presence or 9 absence of indicated phages at an initial MOI of 0.01. One-sample t-tests indicate significant 10 differences from 1 for 'Acr-Neg' (p=0.0004, t 5 =8.3) and no significant differences for 'F1' 11 (p=0.42, t 5 =0.87), 'F4' (p=0.52, t 5 =0.52) and 'No phage' control (p=0.61, t 5 =0.54).
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In all panels, values for individual replicates and/or means and 95% confidence intervals are 13 indicated. 'F1'=DMS3vir-acrIF1, 'F4'=DMS3vir-acrIF4, 'Acr-Neg'=DMS3vir. 
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